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Condensation effects inK-shell excitation spectra of neon films
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Using synchrotron radiation under high-resolution conditions, we have investigated the excitation of elec-
tronic states at th& edge in neon multilayers. In addition to the electron yield, we use photon-stimulated
desorption of N&, Ne?*, and Ng™ as near-edge x-ray-absorption fine-structure probes with different surface
sensitivities. From the comparison of these signals, we obtain excitation energies for excitonic and ionic
surface and bulk states. The energy of tise 'Bp and 1s~'4p surface excitation is different by 0.2 eV for the
p, and the p,, symmetry. The ordering of the splitting depends on the principal quantum number.
[S0163-18297)06811-2

Because of their structural and electronic simplicity, rare-therefore have investigated excitations of resonant and non-
gas solids are the ideal model systems for the study of theesonant $~* states in solid neon and compare our results
influence of solidification on electronic excitation and decayWith previous work on neon in the solid stét2 clusters’
processes in van der Waals systems. For valence excitatior@}d the gas phadé. Utilizing probes of different surface
ample work on this topic has been done and collected iisensitivity, we are able to discriminate bu_lk and surface fea-
several comprehensive reviewssor core electron excita- [UreS, o detect surface symmetry breaking, and to demon-

tion, results are by far less numerous, mainly because photaiir &€ the existence of polarization-dependent energy shifts in
' ' core resonant excitation of surface atoms.

e o e o e et s A data nave b obtaned smployng e PN
9 36usly denoted HE PGM IJlbeam line at BESSY, Berlin,

recently. Partic_ularly for the&K-shell region of solid neon, with a spectral resolution of 300 meV at the nedredge.
only a few studies have been reported sc’féreven though £, citation spectra have been recorded by monitoring either
this is a very interesting sample. For example, it is Wellihe yield of decay electrons or the yield of ions whose de-
known from valence work that solid neon has a large negagorption was stimulated by electronic processes. For elec-
band lies about 1 eV above the vacuum leVE&his negative assembled from two grid@erving as adjustable high pass
EA arises from strong short-range electron-electron repuland a large area electron multiplier. Desorbing ions were
sion, which is responsible for phenomena such as selfmass selected and recorded with a quadrupole mass spec-
trapping of excitons in cavities or bubbles that form aroundtrometer. The UHV chambébase pressure better than £0

the electronically excited particle, and the stimulated desorpPa allowed an independent setting of the angles of polariza-
tion of electronically excited atoms and dimers from neontion (surface normal against tHe vector of the light and
films, which are expelled by those repulsive forces that areletection(surface normal against the detector akig simul-
unbalanced if self-trapping occurs on the surfa@en the taneously rotating the detector chamber and the sample ma-
delocalized, Bloch-like state of the free electron is only mar-nipulator. For enhanced surface sensitivity, grazing inci-
ginally more stable than a localized state, where the electrodence of the synchrotron light by 7° with respect to the
is trapped and kept inside a bubBlin the bulk, the interac- surface was usef.We condensed the neon multilayers onto
tion of the matrix with the spatially extended distribution of the (001) surface of a ruthenium single crystal that was
the electronic wave function of excited atoms leads not onlycooled to 7 K. Before dosing, the substrate was cleaned by
to bubble formation, but also to a compression of thesputtering with A¥ ions, repeated heating to 1450 K inT0
Rydberg-like orbital as compared to the gas pHaskifting  Pa of oxygen, and finally flashing to 1570 K. Reproducible
excitation energies of bound and free-electron—hole pairs upgmounts of neofpurity better than 99.99%were dosed by a
ward. Long-range polarization screening of Coulomb inter-microcapillary doser onto the substrate. The thickness of the
actions, which would have the contrary effect and lowermultilayers was calibrated from thermal desorption spectra
those excitation energies, is particularly small because dby comparing the relative areas of mono- and multilayer
solid neon’s small dielectric constahShort-range interac- peaks. For all measurements reported here, the samples were
tions that selectively probe the electronic and spatial symme50 layers thick. Excitation spectra in the Ne dore exciton

try around the excited entity are expected to dominate altegion recorded with different probes fay, light [with the E
shifts encountered upon solidification. The spectroscopy ofector almost paralle(7°) to the surface normait] are de-

1s core excitons, which are strongly localized, allows thepicted in Fig. 1. The bottom tradéabeled PEY is the yield
investigation of the molecular aspects of these processes, inf electrons with kinetic energy more than 500 eV; the top
cluding a comparison with calculations by molecule-basedhree spectra show the stimulated ion desorption yield for
techniques. Moreover slexcitation spectra of the neon atom different ions as indicated. Two different exciton series, sur-
are simple. The initial hole state is a singlet and all excitatiorface and bulk, are clearly discernible and have been marked
resonances have the same symmesy*hp™!, n=328We in the figure.
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FIG. 1. Resonant neonslexcitation spectra recorded with
probes of different surface sensitivities, usigpolarization. The neon that were measured in Ref. 2. In particular, the final-
energetic positions of bulk and surface excitations are indicatedstate effects that have been calculated in Ref. 3 were identi-
Surface features are strongly enhanced in the photon-stimulated deal for 1s and 2 excitation, as expected for identical sym-
sorption(PSD of N&** and N ions, whereas the PSD of Ble  metry of the initial state. We therefore refrain from
and yield spectra of decay electrons are dominated by bulk progisplaying spectra for Ne<excitation, since the rich struc-
cesses. ture due to double excitation visible in an extendexdh2ar-
edge x-ray-absorption fine-structufNEXAFS) scan has
The bulk contribution dominates the PEY and,Nesig- been published previously.
nals, whereas the surface part is strongly enhanced for the All excitation energies are compiled in Table I. The line
Ne?* yield. The low surface sensitivity of the electron signal position of the 5 !5p exciton and the surface ionization
is due to the large mean free path of the autoionization elecedge are taken from a high-resolution threshold electron
trons that have a primary kinetic energy more than 700 eVstudy that will be discussed elsewhéfé he value for thek
The dimer ions stem from the creation and desorption otdge in the bulk, i.e., the inner ionization potential or the
biexcitons by electrons as a secondary pro¢&ss.Their  energy necessary to create a free electron in the solid, is
signal reproduces the electron yield, with some enhancedalculated from x-ray photoemission spectroscopy binding
weighting of the low-energy part of the distribution. Singly energieé2 and data from Ref. 17.
and doubly charged atomic ions, however, are created and Focusing on the data in Table I, we find in going from gas
desorbed by primary photon stimulated processes. Because surface to bulk the following(i) The neon % ionization
of a short escape depth, which is especially short for theyotential changes. It is nearly identical for the gas and the
doubly charged species that can branch to singly chargedulk, but decreased by 1 eV for the surfae. The excita-
pairs;?~'* these ions monitor excitation events in the firsttion and binding energies of excitons change as well. The
few layers of the film.(We have successfully applied this binding energies for the bulk and the surface are smaller than
technique of disentangling surface and bulk processes by utfer the gas; the bulk excitation energies are lardgi) A
lizing probes of different escape depth previously for thedipole forbidden transition appears in the signals of the sur-
study of core excitations in Ar and KP, but also for the face sensitive probes. It obviously occurs exclusively in the
molecules ammonia and methafieThe results are supple- first layer and remains dipole forbidden for the bulk, as it is
mentary to data from cluster work, where the transition fromfor the isolated atom(iv) The excitation energies of the sur-
the isolated particle to the solid is brought about by changindace peaks depend upon the polarization direction. Compared
the size of the clustet. with the gas-phase values, we encounter shifts in either di-
The surface signals not only show the dipole-forbiddenrection, depending on quantum numbers, when the polariza-
1s— 3s transition(in the Né* signa) but also have a strong tion of the E vector is changed by 90°.
polarization dependendéig. 2. Whereas the positions of Our excitation energies for the bulk excitons are in perfect
the bulk lines are the same fé, andA,, polarization, the agreement not only with previous values on solid rfegee
surface peaks are shifted by up to 0.2 eV for different polarabove, but also with results for neon clusters in the limit of
izations. The $ !3p energy is lower forA, than forAyy, large cluster siz& The exciton binding energies agree within
whereas for the 4 14p excitation the ordering is reversed. the experimental uncertainty of the photon energy with val-
The 1s~!3s transition, which is dipole forbidden in the bulk, ues measured for the Nes 2xciton serie$>8 As discussed
is visible only forA, light. in Ref. 19 and pointed out in the introduction of the present
The bulk signal is in perfect agreement with data frompaper, a combination of short-range correlation and long-
Ref. 2, though better resolved. An extended scan reproducadnge screening accounts for the energetic shifts of the bulk
the same double excitation and final-state features of solidxcitons. Screening enlarges the spatial extension of the
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TABLE |. Excitation (E.,) and exciton binding energie€() for neonK-edge excitation. The binding
energies of the surface excitons that are set in parentheses are calculated with the ionization potential of the
1s orbital referred to the vacuum level.

NeonK-shell excitations: Assignment and energetie¥)

Sample Polarization 4 13s 1s713p 1s 4p 1s~15p 1s7?!
gas phase Eey 865.1 867.1 868.68  869.28  870.P
= 5.0 3.0 1.42 0.85
surface A, E,  865.6 867.6 868.8 869:40.%
E, (3.9 1.9 (0.6
Ay Eex 867.8 868.6
= (1.6) 0.9
bulk Eeyx 868.3 869.5 8699 879.4+0.%F
Ep 2.1 0.9 0.5

8Reference 8.
bReference 9, footnote 20.
‘Reference 17.

Rydberg orbitals, whereas the short-range effects tend tis seen for the free molecule only in transitions involving
compress them. The situation is by far less clear in the regiowibronic coupling(see references in Ref. 180n the surface
of the surface. As yet, no calculations exist that correctlyof condensed methane, however, the0—v =0 transition
model this regime. Keeping the data of Table I in view andappears due to the distortion of tleectronic part of the
comparing them with cluster results, we will attempt to\ave function by the reduced symmetry. As the 13s ex-
speculate about the microscopic details. citon in neon, it is only seen with, light.'®

The ordering of the ionization potenugls for the gas, sur- Tphe appearance of polarization-induced shifts of the sur-
face, and bulk clearly reflects the environment dependentce exciton energies is another manifestation of symmetry
interaction. On the surface, the electron is able to escape E’reaking Again, the amount of splittifg.2 eV: see Table)|
the vacuum level, i.e., final-state energies are identical fors comparable to that obtained for methane if we consider its

the gas and the su_rface. The interaction of the hole a_nd thftz orbital as the analog of the neomp 3° Interestingly, the
electron, however, is screened in the latter case, lowering the

ionization potential. This screening certainly will be com- splittin_g is also _Of identical sign,_ thé‘z trar?s_itions being
posed of a short-range contribution from the relaxation of thdOWer in energy in both cases. This is surprising because the

wave functions of neighboring atoms, and from Iong-rangé“eth%ne does not exhibit negative electron affinity I|}<e
effects. This decrease encountered upon going from a gas f§°M: and one would expect the electron-electron repulsion
a surface environment is overcompensated in the surface-t&? P& weaker than for solid neon. The shapes of the NEXAFS
bulk step by the repulsion “felt” by the free electron inside trace envelopes for the Gland Ne E regions, respectively,
the solid. are very similar for the two species, at least for the low-lying

Repulsion is also felt by the wave functions of the core€xcitations. We believe that the latter sample the short-range
excitons, so their excitation energies are increased with rgnteraction with the nearest neighbors. As a consequence,
spect to the gas phase. Federneaal* have shown in clus- effects such as the amount and the polarization-dependent
ter experiments that no continuous transition exists from theign of the lifting of degeneracy on the surface are very
surface to the bulk species. Bulk core excitons were foungimilar. The positive electron affinity of methane would then
only for clusters larger than some critical size, correspondindpe due to the larger polarizability of solid methane as com-
to one shell for the B exciton and two shells for thept pared with solid neon, which overrides repulsion and also
exciton. This reflects the extension of the respective wavéeads to the much higher sublimation temperature of meth-
functions. ane.

On the surface, these forces are asymmetric and the wave For neon, the excitation into thep3 final state is lower in
functions are distorted with respect to the almost sphericaénergy than into the (3, final state. For the g shell, the
symmetry inside the fcc lattice. As a result, the dipole-ordering is reversed. For clusters, where no polarization de-
forbidden 15~ 13s exciton appears, indicating an admixture pendence can be measured, surface exciton energies corre-
of p character to the 8orbital. The transition is only seen spond to those components that, in our study, have the low-
for A, light, indicating an admixture of onlp, character, as est excitation energ§/For increasing cluster size the fingh 3
expected for that symmetry. We note that the correspondingalue is approached from lower energy and the vhlue
signal is much larger in our data than in those of Ref. 4, dudrom higher energy. Beyond a critical cluster sizenef 200,
to the well-defined orientation of tHe vector with respectto the 4p surface component vanish&$n our data it is pre-
the surface normal possible in our experiment. We found &erved, although its contribution is weak. Following our ar-
similar effect for the surface excitations of solid methane,guments given above, we would expect the excitation ener-
which is isoelectronic to neol.Its lowest neutral excitation gies to be lower the more the excited orbitals are polarized
C 1s—3a;, which corresponds to the Nes%: 3s transition,  out of the solid. Intuitively one would expect thg orbital,



9390 BRIEF REPORTS 55

which is oriented perpendicular to the surface, to be shifted¢onstraints than th@, counterpart, whose downward lobe
downward with respect to thp,, orbital. Forn=3, this is  always reaches deeply into the bulk, experiencing full repul-
indeed the case. This ordering would also be obtained if wegion.

switch to a two-dimensional band-structure view of the final

state. Near thd" point, where the transition occurs, tipe We gratefully acknowledge help during the experiments
orbitals form bonding and th,, orbitals antibonding com- by the staff of BESSY, in particular, by C. Jung and C.
binations(neglecting spin-orbit coupling However, the re- Hellwig, and by H. Peterson, who passed away so untimely.
versal of the ordering seen for=4 clearly tell us that this We thank N. Heckmair for help in preparing the beam time.
picture cannot be applied here. Obviousiydependenti.e.,  This study was supported by the German Ministry for Edu-
size dependeptdistortion of the localized exciton wave cation and ResearchiBMBF), through Grant No. 055
function has to be considered. We think that our data showWOCAI, and by the Deutsche Forschungsgemeinschaft
that thep,, orbital oriented parallel to the surface can more(Project No. Me-266/211

strongly be polarized out of the surface avoiding repulsive
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